Abstract: Nonlinear phase noise (known as Gordon-Mollenauer phase noise) results from power fluctuations arising from amplified spontaneous-emission noise of the inline amplifier which is converted into phase fluctuations due to the self-phase modulation effect. It may severely impair the phase of optical signal, and would further degrade the performance of the long-haul optical transmission systems. The case can be compensated partially by mid-span optical phase conjugation(OPC). In this paper, an effective k-nearest neighbor (KNN) detector have been introduced to further improve the performance of OPC system by mitigating non-Gaussian impairments caused by nonlinear phase noise. The effectiveness is investigated in a 112-Gb/s 16QAM optical phase conjugation system with 800-km dispersionmanaged link and 1280-km dispersion-shifted-fiber link. The results show that the effective and optimal KNN detector can enhance the overall performance of OPC system, even the asymmetric system.
Introduction
Nonlinear phase noise, known as Gordon-Mollenauer phase noise, is induced by the interaction of amplified spontaneous emission (ASE) noise and the Kerr nonlinear effect [1] , [2] . ASE noise of the inline amplifier is converted into phase fluctuations due to self-phase modulation effect. It has been a setback to extend the transmission distance and would corrupt the received phase. Mid-span optical phase conjugation (OPC) or spectral inversion is considered as a promising nonlinear impairments compensation technique which inverts the signal spectrum in the mid-point of the transmission link [3] , [4] . In the first part of transmission link, the nonlinear impairments would be accumulated continuously with increasing the transmission length. In the second part, the accumulated nonlinear impairments can be reduced along the transmission link due to phase conjugation operation. Meanwhile, OPC can work in a transparent way for modulation format, and have the ability to handle simultaneously multiple channels. Therefore, the operation can be used to reduce system impairments caused by nonlinear phase noise for different modulation formats and different transmission links [5] - [7] . The nonlinear phase noise has peculiar characteristics, as the source of signal distortions is intrinsically statistical [8] . Therefore, the phase noise can't be compensated fully even the OPC system. Meanwhile, in the mid-span OPC system, it needs to place the spectral inverter close to the mid-point of the transmission link [9] . However, it is also difficult to locate at the exact mid-point due to the dynamic nature of optical networks, resulting in limited system flexibility. If the spectral inverter is displaced from the mid-point of the transmission link, the performance would become much worse [10] . Therefore, it would be highly desirable to have the aid of signal processing techniques to enhance the system flexibility and reduce nonlinear phase distortion. So far, various techniques, such as digital back propagation (DBP) [11] - [13] , intensity fluctuation compensation [14] , different link designs [15] , have been proposed for assisting the OPC system. Among these techniques, DBP has been regarded as one of the most suitable candidates to compensate for linear and nonlinear impairments. However, the complexity of DBP algorithm makes it difficult for real-time hardware implementations. Other schemes more or less suffer from complexity, or need special transmission scenarios. Recently, machine learning technique based on k-nearest neighbor (KNN) algorithm [16] , which is a simple and non-data aided method for solving cluster problems, has been regarded as a potential method to mitigate the nonlinear impairments.
In this paper, we explore an effective KNN detector to improve the performance of optical phase conjugation system by mitigating non-Gaussian impairments caused by nonlinear phase noise. Nonlinear phase noise results from power fluctuations arising from ASE noise of the inline amplifier which is converted into phase fluctuations due to the self-phase modulation (SPM) effect. OPC operation has been introduced to partially compensate the power fluctuations effect. For further reducing the impairments caused by the residual nonlinear phase noise, an effective k-nearest neighbor detector can be utilized to detect the twisted constellations with non-Gaussian symmetric. The effectiveness is discussed in a 112-Gb/s 16QAM OPC system with 800-km dispersion-managed (DM) link and 1280-km dispersion-shifted-fiber (DSF) link.
Principle
Optical signal propagation in fiber can be modeled by the vector nonlinear Schrödinger equation [11] ∂E ∂z − jβ 2 2
where E is the signal envelope, β 2 is the dispersion parameter,α is the attenuation coefficient, and γ is the nonlinearity factor. In the multiple fiber spans transmission link, each inline amplifier can compensate exactly the loss of each fiber span. The linear electric field launched in the kth-span is equal to E k = E 0 + n 1 + n 2 + · · · · + n k , where E 0 is the transmitted signal, n k is the ASE noise from optical amplifier noise with the variance E (|n k | 2 ) = 2σ 2 (σ 2 is the noise variance per span) at the kth span. Due to the SPM effect, intensity fluctuations arising from ASE noise are transformed into phase fluctuations, known as nonlinear phase noise which would result in bit error rate degradation. For a multiple fiber spans transmission link, the accumulated nonlinear phase noise [17] can be shown as
where L eff is the effective nonlinear length per fiber span. The corresponding constellations with the effect of nonlinear phase noise have been inserted in Fig. 1 . The transmission signal can show very high performance in linear regime without nonlinear phase noise. In nonlinear regime with nonlinear phase noise, the constellations are twisted due to the phase shift transformed from intensity fluctuations by the SPM effect. As shown in Fig. 1(b) , the constellation with OPC which is introduced to mitigate the nonlinear impairments is better than that without OPC. Phase conjugation device or spectral inverter often needs to place the mid-point transmission link. In the first half part of transmission link (before conjugation), the transmission signal would be damaged by linear and nonlinear impairments with increasing the transmission length as shown in (1). In the second part (after conjugation), the accumulated nonlinear impairments can be reduced along the transmission link due to complex conjugate phase signal [18] which can be expressed as
where * denotes the complex conjugate operation. Therefore, the nonlinear phase noise can be mitigated partially by the phase conjugation operation.
For further reducing the impairments caused by the residual nonlinear phase noise, an effective distance-weighted KNN detector belong to machine learning technique can be introduced to detect the twisted constellations with non-Gaussian symmetric as shown in Fig. 2 . The detailed operations of KNN detector are described as follow. Firstly, we utilize a part of the received digital signal as training data (about 1000 points) which are no need to be FEC encoded in the transmitter. The rest of the signal can be regarded as testing data to achieve optimal decoding. As shown in Fig. 2(a) , the training data of the 16QAM signal that consists of 16 twisted constellation points damaged by nonlinear phase noise needs to be labeled from l 1 to l 16 . We calculate the Euclidean distance D(i) from the testing point E test to all training points E tr ai n (i ) that is defined as
where Re and Im represent the real and imaginary part, respectively. Then we sort the distances from the smallest to the largest and pick k smallest distances for obtaining k nearest training data points. As shown in Fig. 2(b) , the testing point E x is surrounded by three constellation points (i.e., l 5 , l 9 , l 10 ). When k is set to 5, the count of the labels l 5 and l 9 are both two. Therefore, the conventional KNN algorithm cannot distinguish the input signal. In this paper, we use the distanceweighted KNN detector which weights the distance contribution of the k nearest data. The function of distance-weighted KNN is shown as
where l i is labeled from l 1 to l 16 . When testing label l is equal to
Simulation Setup and Results
We carry out numerical simulation for a 112-Gb/s 16QAM optical phase conjugation transmission system with dispersion-managed link and dispersion-shifted-fiber link using the VPI platform as shown in Fig. 3(a) . Throughout the simulations, the light from the 1550.0-nm laser with 10-kHz linewidth is modulated by an I/Q modulator with 28-GBaud 2 15 -1 pseudo random bit sequences (PRBS) to generate 112-Gb/s 16QAM signal. The transmitted signal passes though the OPC device realized with four-wave mixing (FWM) effect that can invert the signal spectrum. As shown in Fig. 3(b) , one pump at wavelength 1550.8-nm (10-kHz linewidth) is amplified by an erbium doped fiber amplifier (EDFA), and then filtered by one optical band-pass filter (BPF) with 0.8-nm bandwidth which is utilized to suppress the out-of-band amplified spontaneous emission (ASE) noise around pump. The transmitted signal and the pump are sent to a highly nonlinear fiber (HNLF) for generating a phase conjugated idler at 1551.6 nm. Subsequently, the idler signal needs to be selected by an OBPF with 0.8-nm bandwidth, and then passes through the rest of transmission system. Fiber loss of each span is completely compensated per span using an erbium doped fiber amplifier (EDFA) with a noise figure of 5-dB. At the coherent homodyne receiver side, the received signal and the LO are combined using the optical 90°hybrid. The digital signal is then processed using MATLAB code in the off-line DSP module. The traditional OPC system needs to satisfy the link symmetry (i.e., the OPC component needs to be located at the exact mid-point of link). However, it is hard to make sure that the spectral inverter is located at the exact mid-point in the real transmission links [19] , [20] , mostly due to the dynamic nature of optical networks. When the spectral inverter is placed before or after the mid-point, the nonlinear distortions of the signal cannot be removed completely in the rest of the transmission line. Therefore the regeneration performance might be significantly decreased. Therefore, it is a highly desire to achieve flexible placement of the OPC component in a certain range without sacrificing the performance as shown in Fig. 3(c) . To increase the flexibility of OPC systems, we apply machine learning based on KNN detector to mitigate non-Gaussian impairments caused by nonlinear phase noise.
Dispersion-Shifted-Fiber Transmission System
The classification accuracy of KNN detector is typically sensitive to the value of k. If the value is too small, the noise would have a high influence on the classification result. If too large, the computation time would be increased significantly. Therefore, selecting the optimal k value would be the most critical problem in KNN detector. To achieve this goal, we need to try various k values and choose the optimal k value. For obtaining the optimal one, we discuss the effect of k value to the BER performance as shown in Fig. 4(a) . The BER is calculated with k ranging from 5 to 30. Here, we select an optimal k range from 10 to 22 corresponding to a flat section of BER curve. Subsequently, we calculate the BER performance with different launching powers in symmetric (i.e., 640-km-640-km) and asymmetric (i.e., OPC1 that offsets 40-km (i.e., 600-km-680-km) and OPC2 that offsets 80-km (i.e., 560-km-720-km) compared to the mid-point) transmission system with total 1280-km DSF link as shown in Fig. 4(b) . Each span is made of 80-km DSF with an attenuation of 0.22-dB/km, a dispersion parameter of 0-ps/nm/km, and an effective core area of 72-μm 2 . The traditional OPC system exhibits a symmetric distribution of the chromatic dispersion and nonlinearity with respect to the mid-point of the transmission link. Once the OPC component shifts away from the mid-point location, the performance would become worse. While if the KNN detector is applied, the system performance could be improved greatly. For example, the optimal launching power of OPC2 which offsets 80-km is 2-dB higher than the system without KNN detector.
In order to investigate the flexibility, we also calculate the BER performance of the traditional OPC system and the system assisted by KNN detector in different locations as shown in Fig. 5(a) . Under the same BER, the performance after KNN detector with an offset of ∼100-km is comparable to that of the traditional symmetric OPC system. Compared to the traditional OPC system, the system assisted by the optimal detector can improve ∼15.6% (i.e., when the total transmission length is 1280-km, it can tolerate total ∼200-km (left ∼100-km and right ∼100-km) offset mid-point location) in terms of the system flexibility. The BER performance under different fiber lengths with the traditional OPC system and the system assisted by KNN detector is shown in Fig. 5(b) . The results show that the transmission distance of the system assisted by KNN detector can be extended ∼220-km compared to the traditional system at 10 −3 BER. The optimal detector can improve the performance of symmetric and asymmetric OPC links within a certain range. 
Dispersion-Managed Transmission System
To further investigate the performance of the optimal detector, we apply the KNN detector into 800-km dispersion-managed transmission OPC link. The BER performance is calculated with different launching powers in symmetric (i.e., 400-km-400-km) and asymmetric (i.e., OPC1 (380-km-420-km), OPC2 (360-km-440-km)) links as shown in Fig. 6(a) . The transmission link consists of different numbers of spans where each span includes 70-km single mode fiber (SMF) and 10-km dispersion compensation fiber (DCF). The SMF has an attenuation of 0.2-dB/km, a dispersion parameter of 16-ps/nm/km, an effective core area of 80-μm 2 . The DCF has an attenuation of 0.5-dB/km, a dispersion parameter of −112-ps/nm/km, and an effective core area of 16.68-μm 2 . When the OPC component offsets the mid-point location (i.e., 400-km-400-km), the performance of the OPC system declines seriously due to the linear and nonlinear distortions can be undercompensated. As shown in Fig. 6(a) , the system assisted by KNN detector can improve the overall performance whether the symmetric or asymmetric system. The optimal launching power of OPC2 which offsets 20-km is 1-dB higher than the system without KNN detector. Subsequently, we further calculate the BER performance with different offsets as shown in Fig. 6(b) . The system assisted by KNN detector can tolerate the OPC component offset of ∼40-km (i.e., the system flexibility ∼10%) comparable to that of the traditional symmetric OPC link (400-km-400-km) under the same BER performance.
In actual dispersion-managed transmission link, it is hard to achieve full dispersion compensation just by dispersion compensation fiber. Here, to get closer to the actual implementation, we investigate the residual CD per span ranging from 0-ps/nm to 32-ps/nm and calculate the BER performance with (w) and without (w/o) KNN detector as shown in Fig. 7(a) . We can find that the BER performance with/without KNN detector would be increased all slightly when the residual CD per span is non-zero. It is that the nonlinearity impairments of the dispersion-managed link can be suppressed with a certain amount of residual CD [21] , [22] . To further investigate the performance, the BER performance with different launching powers and residual CDs is calculated as shown in Fig. 7(b) . At launching power below −1-dBm, the transmission system is in the linear regime where the performance is dominated by noise. The non-zero residual CD (i.e., 32-ps/nm/span) may decrease the regeneration performance of OPC so that the BER of non-zero residual CD presents relative poor that that of zero residual CD. For above −1-dBm, the fiber nonlinearity impairments are dominant in the transmission system. A certain amount of residual CD would depress the nonlinear impairments so that the performance is better than that of zero residual CD (i.e., 0-ps/nm/span). Here, the optimal launching power of non-zero residual CD is 1-dB higher than that of zero residual CD.
Discussion and Conclusion
We have presented an effective and optimal KNN detector which can improve the overall performance whether the symmetric or asymmetric OPC system. Meanwhile, the effectiveness is discussed in a 112-Gb/s 16QAM symmetric or asymmetric OPC system with 800-km DM link and 1280-km DSF link. The KNN detection is basically similar to soft detection such as maximum likelihood (ML) based detector based on the probability density function (PDF) of the received signal [23] . The ML based detector is effective for the circularly symmetric Gaussian impairments, such as ASE noise, I/Q imbalance, and nonlinear phase noise of the dispersion-unmanaged link [16] . However, for non-Gaussian impairments (i.e., laser phase noise and nonlinear phase noise of the zero-dispersion link and dispersion-managed link), the ML based detector is unable to perform optimal performance. Here, the KNN detector is a type of instance-based learning which can construct the hypotheses directly from the training instances themselves. Owing to the learning capacity, the KNN detector can overcome various system impairments whether symmetric or asymmetric Gaussian impairments. Therefore, we believe that the KNN detector would be a potential detection way for performance enhancement. Note that we only consider the single channel and single polarization case in this paper. However, the present KNN detector would be capable of wavelength-division-multiplexing (WDM) polarization-division-multiplexing (PDM) systems by using the dual-polarization OPC component. It is also desirable to investigate the performance of multiple optical phase conjugation system in the near future.
